[1] A data set of 2890 field measurements was used to test the ability of several conventional flow resistance equations to predict mean flow velocity in gravel bed rivers when used with no calibration. The tests were performed using both flow depth and discharge as input since discharge may be a more reliable measure of flow conditions in shallow flows. Generally better predictions are obtained when using flow discharge as input 
Introduction
[2] Knowledge of the mean flow velocity in a channel reach is of primary importance for many aspects, including river engineering, risk analysis, environmental survey, numerical modeling validation, flow discharge, and bed load transport computation. In some circumstances, flow velocity can be measured directly (for instance with a current meter) or be calculated with the continuity equation (U ¼ Q/A) when both the discharge Q and the wetted cross-sectional area A are known. But in many cases measurements are not possible, and a flow resistance equation must be used. When a rating curve is available, the flow resistance equation can be fitted for the site in question. Several flow resistance equations are of interest because they need no calibration when the river reach can be considered nearly uniform. This paper proposes to use a large field data set in order to test the adequacy of these equations for predicting the mean flow velocity in a uniform gravel bed river reach.
[3] The Chezy, the Manning, and the Darcy-Weisbach equations are the most commonly used equations and are given by
respectively, where U is the mean flow velocity, C (L 1/2 s À1 ) is the Chezy coefficient, n (L À1/3 s) is the Manning coefficient, f (dimensionless) is the Darcy-Weisbach friction factor, S is the energy slope, d is the flow depth, and g is the acceleration of gravity. The hydraulic radius R is usually used instead of d for narrow channels. For deriving a general equation, many studies [e.g., Strickler, 1923; Limerinos, 1970; Griffiths, 1981] have tried to link these coefficients to bed and flow characteristics (flow discharge or depth, river width and slope, bed roughness). Because f is a nondimensional coefficient, most equations were derived for f. In a pioneering work, Keulegan [1938] integrated the PrandtlKarman-Nikuradse logarithmic mean flow velocity profile equation to derive a logarithmic equation of the form
where u Ã ¼ (gdS) 0.5 is the shear velocity, is the Von Karman coefficient (0.4), and k s is the bed roughness. Keulegan proposed using the median diameter D 50 for k s , but several expressions were given since that time in the form k s ¼ cD x (where 1 < c < 8 and where the subscript x denotes percent finer than D). A comprehensive review of flow resistance equations was given by Yen [2002] . The Darcy-Weisbach equation was also expressed with a power function of the relative flow depth d/D [Bray, 1979; Ferguson, 2007] or even more complex exponential forms [Smart and Jäggi, 1983] .
[4] However, for field studies, the flow discharge measurement in small and rough streams is usually much more accurate than the flow depth measurement. In these streams the often irregular bed topography and the water surface complicate the determination of a representative flow depth. This is why several authors proposed nondimensional hydraulic geometry equations that link the mean flow velocity to the flow discharge [Rickenmann, 1990 [Rickenmann, , 1994 [Rickenmann, , 1996 Aberle and Smart, 2003; Comiti et al., 2007; Ferguson, 2007; Zimmermann, 2010] . These equations were generally given in a dimensionless form (equation (3)) and proved to perform better than other equations [Ferguson, 2007] : 
[5] He also pointed out the equivalence between (3) and (4), implying the following relations: k ¼ a (1 À m) , m ¼ (2b þ 1)/(2b þ 3), and b ¼ (3m À 1)/(2 À 2m). Field measurements for bed slopes up to S ¼ 0.184 (resulting in b ¼ 1.80, which is equivalent to m ¼ 0.7) indicate that b and m should increase with S [Lee and Ferguson, 2002; Comiti et al., 2007; David et al., 2010b] . Furthermore, Aberle and Smart [2003] concluded that m should increase with bed slope on the basis of flume experiments. Similarly, Bathurst [2002] showed b (and thus m) to be larger for the investigated sites with 0.008 < S 0.042 than for sites with S < 0.008, and he suggested that b may decrease with increasing uniformity of the bed material distribution (which may be partly correlated with decreasing bed slope and increasing relative flow depth).
[6] Whatever approach was used, flow resistance equations proved to be more reliable for flow conditions for which the flow depth or the hydraulic radius is large compared to the bed roughness. Bathurst et al. [1981] proposed to classify flows according to the relative flow depth and defined a large-scale roughness (d/D 84 1.2, the roughness features affect the free surface), an intermediate-scale roughness (1.2 < d/D 84 4), and a small-scale roughness (d/D 84 > 4, the flow can be described by the boundary layer theory). Modeling flow resistance for the large-and intermediate-scale roughness is still very challenging because the flow turbulence is strongly affected by relatively large bed elements in such flows. For these conditions, conventional equations such as equation (2) derived from the law of the wall may not be valid any longer. This is particularly true for steep mountain streams with step-pool morphology. On the basis of the idea of spatially averaging the flow over a rough bed, a similar distinction was proposed between flows with high relative flow depth, flows with small relative flow depth, and flows over a partially inundated rough bed [Nikora et al., 2001 [Nikora et al., , 2004 .
[7] In this paper a large data set consisting of 2890 measurements is used to (1) evaluate the performance of several flow resistance equations, (2) demonstrate that simple equations perform as well as more complex approaches, and (3) discuss the importance of a strong increase in flow resistance for relative flow depths smaller than about 7. First, the data set is presented. Second, it is used to test the suitability of several conventional flow resistance equations. Third, new definitions for the dimensionless variables in terms of hydraulic regime equations are used to develop a new approach and as a basis to discuss flow resistance for very low relative depths and at-a-site variation of flow resistance. Finally, a flow resistance partitioning into ''base level'' resistance and ''macroroughness'' resistance is proposed for gravel, cobble, and boulder bed streams, which appears to improve bed load transport calculations for flow conditions with intermediate-and large-scale roughness.
The Data Set and Equations
[8] The initial data set used in this study is composed of 3942 measurements presented in Table 1 and Figure 1 . The data represent field measurements of flow velocity in gravel bed streams, including channel slopes up to 24% and different channel bed morphologies. Parts of these data have already been used by Recking et al. [2008] and Recking [2010] . Other data are taken form Church and Rood [1983] , and data from Higginson and Johnston [1988] are used as reported by Wargadalam [1993] . In these studies, flow velocity was obtained by several techniques, including the continuity from known flow discharge and crosssectional area (U ¼ Q/A) and direct measurements with either a current meter or a tracer injection. If the grain size D 84 was missing, it was estimated by 2.2D 50 . This approximation is based on the median value for 141 pairs of available D 50 and D 84 values and concerns about 21% of the data used in the analysis. If the grain size D 90 was missing, it was estimated by 1.25D 84 , with the approximation being based on the median value for 30 pairs of available D 84 and D 90 values and concerning about 78% of the data used in the analysis. Some data may not be of good quality because of either measurement errors or data set manipulation. Because a close inspection of all runs was not feasible, a first rough selection with the following criteria was made to remove so-called outliers: no friction values (8/f) 0.5 are allowed to be 30% higher than values predicted with the Keulegan law, which has been derived for flat bed, fine sands, and mild bed slopes and should consequently correspond to an upper limit for U/u Ã . Similarly, no values are allowed to be 30% lower than values predicted by the 
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e., the hydraulic radius for a rectangular cross section, the data were excluded from further analysis. Here Q is total discharge, and W is channel width. The limiting discrepancy of 5% was selected because it can result from rounding errors associated with published values having only two digits. The selection of data satisfying the criterion 0.95 < R/R 0 < 1.05 is made to facilitate comparison of flow resistance equations using either flow depth or discharge as input. Thus, the final data set consists of 2980 measurements and covers a large range of bed slopes, grain sizes, discharges, river widths, depths, and morphologies (pool riffles to cascades following Montgomery and Buffington [1997] ). The data are plotted in Figure 1 , with a distinction between retained and excluded values.
[9] For the performance evaluation, six equations were considered because they are widely used or because they represent a low or high degree of complexity: Manning-Strickler [Strickler, 1923] 
Keulegan [1938] ffiffi ffi 8 f
Hey [1979] 
The Manning-Strickler equation (5) is used with n ¼ D 901/6 /26. Equation (10b) results from a transformation of (10a) using the dimensionless variables introduced in section 3.2. Equations (10a) and (10b) are applied here with a 1 ¼ 6.5 and a 2 ¼ 2.5 as suggested by Ferguson (personal communication, 2010) . The Keulegan equation [Keulegan, 1938] and the Smart and Jäggi equation [Smart and Jäggi, 1983] were derived from flume measurements, whereas the Manning-Strickler equation [Strickler, 1923] , the Hey equation [Hey, 1979] , the Bathurst equation [Bathurst, 1985] , and the Ferguson equation [Ferguson, 2007] are mainly based on field measurements. These equations are plotted for comparison in Figure 2 . All equations plot between Keulegan [1938] and Hey [1979] , and the trend for all equations is very similar, except for low relative depths (R/D < 10). The envelope shown in Figure 1 permits a first estimation of the precision that can be expected in flow velocity prediction; for R/D > 10, the Keulegan equation predicts velocities 30% higher than the Hey equation. This ratio increases for low relative depth, reaching 100% for R/D ¼ 1.
Comparison of Flow Resistance Equations

Evaluation of Existing Approaches
[10] The tests were performed using both flow depth and discharge as input. Discharge may be a more reliable measure of flow conditions in shallow flows, and dischargebased equations for velocity predictions in shallow flows were found to perform better than flow depth-based equations [Ferguson, 2007] . All equations are first tested with the hydraulic radius R (determined from the measured flow depth d). (Table  2a) . The other equations (Hey, Smart-Jäggi, and Ferguson) have the best overall performance. However, the apparent good performance of the Hey equation for the smallest class with R/D 84 < 0.7 is degraded by the fact there are 30 predictions of negative flow velocities. This reflects an inherent problem of a log law approach for very small flow depth (a few negative flow velocities are also predicted by the Bathurst equation). Ferguson [2007] has the best overall performance, showing the least tendency of a systematic trend for overprediction or underprediction as a function of the tested variables. The VPE approach combines two power law flow resistance equations that are different for deep and shallow flows.
[11] A second comparison is performed with the same equations but using Q or q as an input parameter. As a first step the method replaces U by Q(W À 2R)/(RW 2 ) in the flow resistance equations, assuming a rectangular section, and determines R with an iterative calculation. In a second step, U is obtained by using the iteratively computed R value in the flow resistance equation. The implicit equation (10b) of the Ferguson approach is also solved iteratively for each given q ÃÃ value. Results presented in Table 3a show (22)). The scores (percent of predictions within a given class of A r values) are listed in Table  3a . Table 3b shows the presence or absence of systematic trends of the A r values with one of the same variables as used in Table 2b . The generally better performance of the Q-based iteration or q ÃÃ -based procedure (as compared with the d-based predictions) is to be expected for the cases where the determination of q (and subsequently Q ¼ qW) is based on the measured flow velocity U, i.e., where the determination of Q is not based on an independent measurement such as tracer dilution or a gauging station. The Manning-Strickler and the Keulegan equations show systematic underestimation and overestimation of observed flow velocities with changing (R/D 84 ), and they have the comparatively lowest scores. The other equations (Hey, Bathurst, Smart-Jäggi, and Ferguson) have a better overall performance. On the basis of Figure 4 and Tables 3a and 3b the best overall performance is obtained by the VPE of Ferguson, showing again the least tendency of a systematic trend for overprediction or underprediction as a function of the tested variables. For the discharge-based calculations, no negative velocity predictions with the log law approaches can occur.
Proposal of New Dimensionless Variables
[12] Despite the good overall performance of the best performing flow resistance equations (Hey equation (7), Smart-Jäggi equation (9), and Ferguson equations (10a) and (10b); Figures 3 and 4 and Tables 2a, 2b , 3a, and 3b), there are some limitations: the log law equations can have problems at very small relative flow depths if applied in terms of d. For situations for which the discharge is known or given, the use of a traditional log law equation or of the VPE approach of Ferguson requires a partly complicated iterative solution procedure. This represents a practical disadvantage, for example, in catchment-based studies when a hydrograph is available from hydrologic considerations or for design problems in river engineering. In addition, some limitations are apparent for most equations if applied in the range of intermediate-and large-scale roughness (d/D 84 < 4). Given these limitations, an alternative approach is developed on the basis of new dimensionless variables. These variables are used in section 5 to consider flow resistance for very low relative flow depths and to discuss ata-site variation of flow resistance.
[13] Using the dimensionless variables U Ã and q Ã (as in equation (3)) was particularly successful in describing at-a-site variations of flow resistance. If the data under consideration include different sites, it appears to be important to include the bed slope (or energy slope) as a further factor accounting for variations in flow resistance [Rickenmann, 1991 [Rickenmann, , 1994 Aberle and Smart, 2003; Ferguson, 2007; David et al., 2010a; Zimmermann, 2010] , although introduction of S as an additional variable did not improve the flow resistance description for the field data of Comiti et al. [2007] . Ferguson [2007] showed that in the power function equation using relative flow depth (equation (4) b ¼ 1/6) to a value close to 1 (steep channels), with a likely smooth transition from one domain to another (as reflected by his equations (10a) and (10b)). To better investigate this transitional behavior, two slightly modified 
Using these dimensionless numbers, an attempt is made to describe the data by a power function very similar to equation (3):
[14] It can be shown that there is a similar equivalence between (13) and (4) as there is between (3) and (4), and the same relations between the coefficients and the exponents are valid:
, and b ¼ (3m À 1)/(2 À 2m). In addition, using the continuity relation q ¼ dU, equation (13) can be transformed into
and into 
Figure 4.
Results for the ratio of calculated to measured flow velocity on the basis of an iteration using flow discharge Q (equations (5)- (9), with R) and on solving the implicit equation (10b) (13) and 5c ), which is roughly equivalent to the limit between small-and intermediate-scale roughness according to Bathurst et al. [1981] . The boundary between B and C has been selected to obtain good power law fits in both domains; it corresponds to approximately 0.5 < (d/D 84 ) < 1 (Figures 5b  and 5c ), which is loosely in agreement with the limit between intermediate-and large-scale roughness according to Bathurst et al. [1981] . The resulting flow resistance equations for the three domains are as follows (see also 
[16] Some statistical values are also given in Table 4 , such as the squared correlation coefficient r 2 and the relative standard error s e , which is defined as the standard deviation divided by the mean measured value. To obtain a smoother transition for the velocity predictions between the three domains, the logarithmic matching technique as proposed by Guo [2002] was used. In applying this technique, the power law equations in domains A (equation (16a) or (16b)) and C (equation (18a) 
[17] The scores of the new approach (i.e., equations (21a) and (21b)) are compared with those of the other tested equations in Tables 2a and 3a. Note that equations (5) to (9) were used with R, whereas equation (21b) was used with d because it was derived from equation (13) 
Explicit Form of VPE in Terms of New Dimensionless Variables
[18] The analysis in section 3.3 showed the best overall performance for the Ferguson approach, i.e., equations (10a) and (10b). To obtain an explicit equation for given discharge q, the logarithmic matching technique as proposed by Guo [2002] was used to substitute the implicit equation 
[19] For given values of q ÃÃ from the data set, the maximum difference between U values calculated with equations (22) and (10b) is 60.7%, which is considered to be acceptable for practical applications. The four significant digits for the coefficients and exponents in equation (22) are necessary to limit the error relative to equation (10a) to 1%.
Flow Resistance Partitioning
[20] The approach of Ferguson is used to develop a flow resistance partitioning. For domain A with small-scale roughness the resulting flow resistance equation in the form of equation (4) 
[21] This assumption of base level resistance represented by equation (23) or (24) is analogous to estimates of ''grain'' roughness in the studies of Jäggi [1984] and Wong and Parker [2006] , who proposed to use an equation similar to (24) with a coefficient of 20-22 and 23.2, respectively. In the following, the dimensionless friction factor f is used to express the flow resistance partitioning, rather than using Manning's n as in some previous studies. By extrapolating equation (20a) (16a), (17a), and (18a) and U meas to measured flow velocities. Also listed for comparison are the two equations proposed by Ferguson for low (19a) and (19b) and high (20a) and (20b) relative flow depth, which are the basis for eq. (10a) and (10b), using a1 ¼ 6.5 and a2 ¼ 2.5. The coefficients k, a, and the exponents m, b, c refer to equations (3), (4), (13), (14), and (15). (5)- (9), with R) and on solving the implicit equation (10b) 
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where U o is the equivalent (virtual) velocity corresponding to base level resistance (with friction factor f o ) calculated by (20a) or (20b). Total flow resistance is calculated with the predicted velocity U using the logarithmic matching equation (22) 
[22] The result of applying these equations to our data is shown in Figure 9 . ''Macroroughness'' resistance is defined here as all additional resistance other than base level resistance, and the relative proportion of macroroughness resistance is given as 1 À (f o /f tot ) 0.5 . According to Figure 
(see section 5.), calculations were also made for the flow resistance partitioning in terms of Manning's n, using equations (25a), (26a), and (27a):
where d o was calculated with equation (20a) from q.
Discussion
Potential Problems With Spurious Correlation Using the New Dimensionless Variables
[23] A major advantage of the U ÃÃ versus q ÃÃ representation is that q-based equations for predicting flow velocity are more robust (less errors in the input variables) than d-based equations, especially when applied to rough steep channels [Ferguson, 2007; Comiti et al., 2009; Zimmermann, 2010] . The analysis using U ÃÃ and q ÃÃ also showed how the exponent m changes with decreasing values of (d/D 84 ) or q ÃÃ ; this cannot be easily shown with other methods. One may object that using the dimensionless numbers U ÃÃ and q ÃÃ in regression analysis introduces some degree of spurious correlation since the same variables (S, D 84 ) are contained both in the independent and dependent variables and U and q are also correlated through the continuity equation. The slope S appears on both sides in the same way only in Figure 5a (U ÃÃ versus q ÃÃ ); it does not do so in Figure 5b (d/D 84 versus q ÃÃ ). The coefficients and exponents derived from the data shown in Figures 5a and 5b (i.e., regression equations) in terms of equations (13) and (14) are in agreement with the analytical transformation (comparing k with k À1 and m with 1 À m), indicating that having S as a potential factor for spurious correlation in the analysis associated with Figure 5a is not a problem in this case. Comparing the variables (d/D 84 ) and q ÃÃ is equivalent to comparing U Ã and q Ã as used in previous studies ; there is the same degree of spurious correlation in both approaches because of the continuity equation. Spurious correlation may similarly be a problem when comparing U/u Ã versus (d/D 84 ), as in the more traditional flow resistance approaches (using either log laws or power laws). It is common in hydraulic analysis to use dimensionless parameters of variables based on the Buckingham pi theorem [e.g., Yen, 2002] , which have often been used successfully to identify controlling variables on flow resistance [e.g., Pagliara and Chiavaccini, 2006, Canovaro et al., 2007] . The good statistical performance of the new equations (16a), (17a), (18a) and the related logarithmic matching equation (21a) in terms of U cal versus U meas (Tables 2a, 2b, [25] The analysis using U ÃÃ and q ÃÃ in section 3. ( Figure  5 ) showed that the exponent m (and thus also the bed slope exponent in equation (3)) increases with decreasing values of q ÃÃ or d/D 84 ; this cannot be easily shown with other methods. As a result, the Manning-Strickler equation appears to be unsuitable for small relative flow depths in the domain of intermediate-and large-scale roughness, confirming the conclusion of Ferguson [2010] . Some previous studies also found that when using a U Ã -q Ã relation (or a relation where U equals the function of (Q, S, D 90 )) and comparing different sites, the inclusion of the bed slope with a positive exponent as an additional factor in the power law formulation in the form of equation (3) improved the flow velocity predictions [Rickenmann 1991 [Rickenmann , 1994 Aberle and Smart, 2003; Ferguson, 2007; Zimmermann, 2010] . However, other studies related to flows in steep channels concluded that bed slope was not important or that a negative bed slope exponent was required to achieve better flow velocity predictions (summarized by Comiti et al. [2007] ).
[26] The traditional logarithmic flow resistance equation of Hey (equation (7)) and two power law approaches (the Ferguson VPE equations (10a) and (10b) and the new approach equations (21a) and (21b)) are also compared in Figure 8 in addition to Figures 3, 4 , and 7. It is evident that the Hey equation provides a good representation of the mean trend of the data for most of the range of the examined flow conditions. However, a more detailed inspection (e.g., Figure 3) shows that that the Hey equation results in an overprediction of U for R/D 84 values close to 1 and in an underprediction of U for R/D 84 < 0.5. The estimation of the mean velocity with a logarithmic flow resistance equation appears to be reasonable for R/D 84 > 1.2, i.e., small-and intermediate-scale roughness. Although velocity profiles in the intermediate-scale roughness domain may deviate considerably from logarithmic [Bathurst, 1985; Wiberg and Smith, 1991] , several studies demonstrated that logarithmic resistance equations still provide adequate predictions [Ferguson, 2007] .
Flow Resistance Variation at a Site
[27] The data set of this study includes measurements taken at a given site or reach for varying flow discharges, and together with data from many different sites, the comparison of all measurements represents a combination of flow resistance variation both at a site and between sites. Figures 11a and 11b represent some of the data shown in Figure 5 with a separate identification of some sites or reaches for which measurements include varying discharge conditions. Despite some scatter of the at-a-site measurements, these data generally follow the same mean trend (i.e., having the same exponent m or c as defined by the bulk of the data), but indicating some variation of the coefficient k or a, which may be site specific. The three at-a-site et al. [2010a] are shown additionally which were not included in the reduced data set of 2890 values used for the evaluation of the flow resistance equations.
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sets characterized as ''plane beds'' plot at the upper end of the range and appear to be associated with a relatively larger coefficient k than two at-a-site sets with ''step-pool'' bed morphology (Reid and Hickin [2008] , Borden U1, and Ryan et al. [2002] , ESLC, in Figure 11 ), which plot at the lower end of the range. However, there is also a step-pool data set (Ryan et al. [2002] , SLC5, in Figure 11 ) that is not in agreement with the above trend. There is also some trend that for a given range of q ÃÃ or (d/D 84 ) values, channel sites or reaches with a larger bed slope appear to have a somewhat higher flow resistance (i.e., a smaller coefficient k) than those with a smaller bed slope. This trend (although it is not consistent) is in qualitative agreement with the flow resistance equation of Smart and Jäggi [1983] for approximately (d/D 84 ) < 10 (Figure 2 ). In general, the variation of the data around the mean trend increases with decreasing relative flow depth. The higher flow resistance at steeper slopes is also confirmed from other studies in terms of U/u Ã versus (d/D 84 ) [Mussetter, 1989; Marcus et al., 1992; Bathurst, 2002] and in terms of U Ã versus q Ã in the Rio Cordon [Comiti et al., 2007] .
[28] At the East St. Louis Creek and at Fool Creek, David et al. [2010a David et al. [ , 2010b made more than 50 measurements of flow resistance in step-pool and cascade reaches (Table 1) . These data were not included in the evaluation of the equations because flow depth is not reported. However, they are shown in Figure 11c . The data of David et al. plot generally below the other data, implying higher flow resistance for the comparatively steep step-pool and cascade reaches. These channel reaches also include large woody debris, and David et al. [2010a David et al. [ , 2010b found flow resistance to increase with increasing wood load. In terms of the exponent m these data generally follow the same mean trend defined by equation (10b) or (22). The roughly parallel alignment of the data of different reaches indicates again a variation of the coefficient k between sites, which is analogous to a variation of the representative bed roughness k s in equation (2). For given q ÃÃ values, there is some trend for reaches with larger bed slopes to have smaller k values, but as for the other data this trend is not consistent. These observations are in agreement with a conclusion by David et al. [2010a David et al. [ , 2010b that the variables q Ã and S largely control flow resistance in their study reaches.
[29] For flume experiments replicating flow conditions in the Rio Cordon, Comiti et al. [2009] showed that the exponent m for the nappe flow regime, including tumbling flow, was close to 1, whereas for skimming flow, m was smaller. This change suggests that once steps are drowned out, spill resistance may disappear and the flow resistance is more similar to smoother beds. It also indicates that k and m may change somewhat with changing flow intensity for at-a-site flow resistance. Zimmermann [2010] performed 205 flume experiments on flow resistance in steep channels, including a wide range of flow conditions with bed slopes from 0.03 to 0.23 and relative depths from 0.44 to 6.5. He fitted his at-a-site data to a relation similar to equation (3) but with independent exponents for q Ã and S, and he found that the hydraulic geometry approach using U Ã , q Ã , and S collapses much of the variability of his flow conditions, which varied between wake-dominated flows (which were more common in the wide, low-gradient experiments) and spill-dominated flows associated with water plunging over steps into pools. He also tested the dimensionless hydraulic geometry relation (3) with a fixed exponent m ¼ 0.6 and found nearly as good results as for the approach using both q Ã and S as independent variables. Zimmermann [2010] did not find any clear effect of step-pool geometric parameters on flow resistance (apart from their number), confirming the unsuccessful attempts of Comiti et al. [2007 Comiti et al. [ , 2009 to model in detail effects of step-pool bed morphology on flow resistance. Zimmermann [2010] speculated that steep streams may follow regime equations (i.e., power law equations between flow velocity or flow depth or width as an dependent variable and discharge as an independent variable), which is also suggested by other studies [Kellerhals, 1970; Beven et al., 1979] .
Flow Resistance Partitioning and Bed Load Transport Predictions
[30] The concept of flow resistance partitioning was first proposed for application in large lowland rivers with large relative flow depths [Einstein and Barbarossa, 1952] . Total flow resistance in gravel bed streams has been divided into form and grain resistance [Meyer-Peter and Müller, 1948 ; Parker and Peterson, 1980 ; Carson and Griffiths, 1987; Carson, 1987; Gomez and Church, 1989 ; Millar and Quick, 1994; Millar 1999] , and only the latter part should be taken into account for the bed load transport calculations. Millar [1999] proposed that grain resistance may be evaluated using the logarithmic equation proposed by Keulegan (equation (6)), which is based on D 50 . To estimate grain resistance, equation (6) has also been applied in many other studies [Curran and Wohl, 2003; MacFarlane and Wohl, 2003 ; Comiti et al., 2007 Comiti et al., , 2009 Reid and Hickin, 2008 ; David et al., 2011] . Compared to using equations (20a) and (20b) to define an average resistance level as a base level resistance, equation (6) would represent a lower bound of observed flow resistance (i.e., friction factor) for flows with small-scale roughness.
[31] From his flume experiments on flow resistance in steep channels including a wide range of flow conditions, Zimmermann [2010] concluded that the traditional concept of separating grain and form resistance does not make sense for shallow flows in steep streams. Indeed, in steep and rough streams it appears to be difficult to distinguish between grain and ''form'' resistance (the latter term including also other sources of resistance, such as spill drag, variation in cross-section geometry and flow width, woody debris, etc.) since larger particles are part of the bed material, of macroroughness elements, and of the bank and may contribute in varying degrees to different types of resistance. However, the importance of accounting for additional energy ''losses'' or increased total flow resistance in steep streams (as compared with lowland rivers) in the context of bed load transport calculations has been pointed out in several studies [Govers and Rauws, 1986; Rauws, 1988; Palt, 2001; Rickenmann, 2001 Rickenmann, , 2005 Yager et al., 2007; Chiari et al., 2010; Rickenmann and Koschni, 2010; Zimmermann, 2010] . In some of these studies, similar concepts to the grain and form resistance partitioning in lowland rivers were also applied in steep streams with some success [Govers and Rauws, 1986; Rauws, 1988; Palt, 2001 Rickenmann, 2005; Rickenmann et al., 2006; Yager et al., 2007; Chiari et al., 2010] . Many bed load transport equations were developed and calibrated with flume experiments, where grain flow resistance may have been prevalent or where macroroughness bed elements and low relative depths were largely absent. Therefore, sediment transport rates in steep streams may be overestimated using traditional sediment transport formulas because most of the flow energy in steep streams is lost to form and spill drag [Rickenmann, 2001; Zimmermann, 2010] . Several studies showed that the mean flow velocity and turbulence intensity near the bed decrease with decreasing relative depth R/ D [Bayazit, 1976; Carollo et al., 2005; Dietrich and Koll, 1997; Lamb et al., 2008; Tsujimoto, 1991; Wang et al., 1993] . These changes in turbulence properties were observed with uniform and nonuniform sediments, and they refer to flow characteristics in the intermediate-and large-scale roughness domain that may be effective in reducing bed load transport in steep and rough streams. On the other hand, the overestimation of sediment transport in steep streams may also be due to limited sediment supply [D'Agostino and Lenzi, 1999; Lenzi et al., 2004; Turowski et al., 2009] .
[32] In the light of this discussion, some of the previous approaches to correct for overestimation of bed load transport [e.g., Palt, 2001; Rickenmann, 2005; Chiari et al., 2010] can be considered as an attempt to separate between a base level and macroroughness (sum of additional) flow resistance, the latter type typically not being taken into account with traditional bed load transport formulas. The terminology of grain and form resistance partitioning as it was used in these studies appears to be incorrect, although the selected approach may still be valid. Pagliara and Chiavaccini [2006] determined resistance associated with ''smaller'' grains and total flow resistance separately in flume experiments for varying boulder concentrations up to 30% and channel gradients up to S ¼ 0.25. Using their results, additional flow resistance due to the boulders in terms of (f o /f tot ) 0.5 accounts for approximately 40%-50% for a step-pool-like boulder arrangement [Chiari, 2008] . Church and Zimmermann [2007] summarize evidence that macroroughness (or additional) flow resistance may account for about 45%-90% of the total flow resistance in terms of (f o /f tot ) 0.5 in boulder-dominated streams. Similarly high proportions of flow resistance of form and spill resistance in relation to total flow resistance are reported for flume experiments by Comiti et al. [2009] that consider step-pool structures and by Wilcox et al. [2006] that consider steps and large woody debris.
[33] On the basis of independent measurements of flow resistance, Palt [2001] proposed equation (29) and Chiari et al. [2010] proposed equation (30) 
[34] Flow resistance partitioning for the data of this study in terms of (n o /n tot ) is shown versus the bed slope in Figure 12 , where (n o /n tot ) was calculated with the approach proposed in this study (equations (22) , (27a), and (28)) and compared to calculations using both equation (29) 
W07538
RICKENMANN AND RECKING: EVALUATION OF FLOW RESISTANCE EQUATIONS W07538
The three approaches result in a similar variation of (n o / n tot ) values, and similar trend lines for power law functions of (n o /n tot ) versus S are obtained:
where the corresponding coefficients p and exponents z are shown in Figure 12 .
[35] Adapting the approaches of Meyer-Peter and Müller [1948] and Palt [2001] , Chiari et al. [2010] and Chiari and Rickenmann [2011] calculated bed load transport with a reduced energy slope S o expressed as
where the exponent e is in the range 1.33-2 according to Meyer-Peter and Müller [1948] and S o corresponds to the base level friction f o or n o . For their flume bed load transport data, Meyer-Peter and Müller determined a best fit exponent of e ¼ 1.5. Using equations (30) and (32), back estimation of e from bed load data for the Austrian and Swiss flood events in 2005 resulted in a best fit exponent e in the range of about 1.2-1.5 [Chiari, 2008; Chiari and Rickenmann, 2011] . Using the same bed load data, a back estimation of the functional relationship (31) was also made with (32), without using an explicit flow resistance partitioning such as equations (27), (29), and (30) [Chiari and Rickenmann, 2011] . The corresponding power function trend lines for (n o /n tot ) as a function of S (equation (31)) are given with p ¼ 0.21 and z ¼ 0.28 for e ¼ 2 and p ¼ 0.07 and z ¼ 0.47 for e ¼ 1.2. These power laws are also indicated in Figure 12 . This comparison supports the findings of several studies in which accounting for macroroughness (additional) resistance in mountain streams resulted in much better agreement between predicted and observed bed load volumes for flood events in 2005 in Austrian and Swiss torrents and mountain rivers [Rickenmann et al., 2006; Chiari, 2008; Chiari et al., 2010; Chiari and Rickenmann, 2011] and for flood events in 2000 in mountain rivers in southwestern Switzerland [Badoux and Rickenmann, 2008] . Similarly, using total flow resistance measurements and an estimate of grain (base level) resistance similar to equation (24) to account for additional (macroroughness) resistance, Palt [2001] applied equation (32) with e ¼ 2 and found much better agreement between his bed load measurements in Himalayan rivers and the bed load transport formulas of Meyer-Peter and Müller [1948] , Smart and Jäggi [1983] , and Rickenmann [1991] .
[36] A caveat is in place when applying the proposed partitioning of flow resistance (equation (22) or (10a) with (27a) or (27b)) to flume conditions with very high sediment concentrations but no macroroughness elements. Such conditions were present in the experiments of Smart and Jäggi [1983] and Rickenmann [1991] , with all particle sizes of the mobile bed being in motion. Application of equations (24) and (25) to these experiments resulted in an implausible reduction of calculated bed load transport rates [Rickenmann, 2011] . This effect is partly due to unrealistic (too small) flow depths being calculated with a q-based approach using d ¼ q/U, while in reality measured flow depths were considerably larger because of very high sediment concentrations.
Conclusions
[37] A data set consisting of 2890 field measurements covering a wide range of bed slopes, grain diameters, flow discharges, and river widths was used to test the suitability of several conventional flow resistance equations to predict the mean flow velocity. The Manning-Strickler, Keulegan, Smart-Jäggi, Hey, Bathurst, and Ferguson equations and a new equation were considered. The equations are based on either flume or field measurements or a combination of both. The equations were evaluated both with flow depth as input and with discharge as input, which typically requires iterative calculations. The tests demonstrated that some equations should be used with caution, especially in the intermediate-and the large-scale roughness domains with small relative flow depths [Bathurst et al., 1981] . The Manning-Strickler equation appears to be unsuitable in this range of flow conditions. Generally, a much better prediction was obtained with all equations when the flow discharge Q or q was used as an input parameter instead of the relative depth d/D. However, for small relative depths most equations yield a systematic deviation between predicted and observed velocity. The best overall performance for flow resistance prediction was obtained with the VPE approach of Ferguson [2007] . Introducing new dimensionless variables U ÃÃ and q ÃÃ in terms of nondimensional hydraulic geometry equations (equations (13) and (14)) resulted in a similarity collapse for the entire data range. Using a logarithmic matching method, the dimensionless variables allowed proposing an explicit equation of Ferguson's VPE approach.
[38] These dimensionless variables were further used to discuss how a power law flow resistance equation varies over three domains, approximately reflecting the three roughness scales proposed by Bathurst et al. [1981] . The dimensionless variables were also useful for considering the limitations related to the development of a q-based approach at very low relative flow depths if the true average bed level for zero flow depth is not exactly known in the presence of large grains. The presented analysis suggests that between-site and at-a-site variations of flow resistance have strong similarities. On the basis of the Ferguson approach, a flow resistance partitioning method was presented to account for high flow resistance in the domains of intermediate-and large-scale roughness in natural gravel, cobble, and boulder bed streams, and this method was compared with similar approaches.
